BACKGROUND/OBJECTIVES: Poor maternal diet in pregnancy can influence fetal growth and development. We tested the hypothesis that poor maternal diet quality during pregnancy would increase neonatal adiposity (percent fat mass (%FM)) at birth by increasing the fat mass (FM) component of neonatal body composition. METHODS: Our analysis was conducted using a prebirth observational cohort of 1079 mother-offspring pairs. Pregnancy diet was assessed via repeated Automated Self-Administered 24-h dietary recalls, from which Healthy Eating Index-2010 (HEI-2010) scores were calculated for each mother. HEI-2010 was dichotomized into scores of ⩽ 57 and 457, with low scores representing poorer diet quality. Neonatal %FM was assessed within 72 h after birth with air displacement plethysmography. Using univariate and multivariate linear models, we analyzed the relationship between maternal diet quality and neonatal %FM, FM, and fat-free mass (FFM) while adjusting for prepregnancy body mass index (BMI), physical activity, maternal age, smoking, energy intake, preeclampsia, hypertension, infant sex and gestational age. RESULTS: Total HEI-2010 score ranged between 18.2 and 89.5 (mean: 54.2, s.d.: 13.6). An HEI-2010 score of ⩽ 57 was significantly associated with higher neonatal %FM (β = 0.58, 95% confidence interval (CI) 0.07-1.1, P o0.05) and FM (β = 20.74; 95% CI 1.49-40.0; P o 0.05) but no difference in FFM. CONCLUSIONS: Poor diet quality during pregnancy increases neonatal adiposity independent of maternal prepregnancy BMI and total caloric intake. This further implicates maternal diet as a potentially important exposure for fetal adiposity.
INTRODUCTION
In the United States over 60% of women of reproductive age are overweight or obese. 1 A significant focus of the research on developmental origins of health and disease has been on the impact of maternal overweight and obesity during pregnancy on infant outcomes. Large prospective cohort studies have consistently shown maternal overweight and obesity during pregnancy to be significant risk factors for higher birth weight and neonatal adiposity [2] [3] [4] and for childhood obesity and later life metabolic dysregulation. 5, 6 However, although effective interventions have been developed to promote healthy weight loss in the general adult population, [7] [8] [9] it is challenging to implement interventions that can quickly and successfully help women to lose weight before pregnancy, due in large part to a significant number of pregnancies being unplanned. Therefore, a shift in research focus from reducing maternal weight before and during pregnancy to other interventions that could also impact fetal overgrowth and offspring adiposity, such as improving maternal diet and nutrition, is warranted.
Diet quality as measured by levels of macro-and micronutrients consumed, as well as by dietary patterns (for example, Western, Mediterranean) during pregnancy has demonstrated significant relationships with birth outcomes, implicating maternal nutritional exposures during pregnancy as important factors in fetal growth and development. [10] [11] [12] [13] [14] Specifically, high-fat content in the diet during pregnancy has been shown to increase offspring birth weight and adiposity in several animal studies. 15, 16 Evidence from nutrientspecific and dietary pattern analyses in human pregnancies remains inconsistent. Some studies report increased offspring adiposity given a maternal diet with a low protein-to-carbohydrate ratio. 17 Other studies report growth restriction given a maternal 'Western' dietary pattern, 12 or no relationship between maternal dietary patterns and offspring growth. 18, 19 This lack of consistency may be due in part to the difficulty in replicating data-driven dietary patterns, such as factor and cluster analysis, across different populations 20 and the use of different infant size and growth outcomes.
Measures of diet quality that are based a priori on national or international recommendations are a potential alternative for measuring the impact of nutrition during pregnancy on neonatal body composition. These standardized diet quality indices are generalizable across different cohorts. 21 One such index, the Healthy Eating Index (HEI), measures the inadequacy, adequacy or excess of recommended intakes of food groups (for example, whole grains) and nutrients (for example, sodium), therefore quantifying the quality of the total diet. In the few studies that have used a diet quality index in developed countries, higher diet quality scores were positively associated with growth parameters such as birth weight and birth length. 22, 23 However, no studies have used markers of offspring body composition such as adiposity.
The present analysis aimed to fill this information gap using the Healthy Start cohort, a prebirth, multiethnic cohort of 1410 mother-offspring pairs. Our goal was to test the hypothesis that neonates born to women with low diet quality during pregnancy have increased adiposity compared with those born to women with higher diet quality. We also tested whether diet quality modifies the effect of prepregnancy body mass index (BMI) on neonatal adiposity.
PARTICIPANTS AND METHODS

Study population
Mother-infant pairs included in this analysis were enrolled in the Healthy Start study, an observational, longitudinal prebirth cohort study of ethnically diverse mothers. The Healthy Start study recruited 1410 pregnant women aged ⩾ 16 years before 24 weeks of gestation from the obstetrics clinics at the University of Colorado Hospital during 2010-2014. Women were excluded if they had prior diabetes, a history of prior premature birth or fetal death, asthma with active steroid management, serious psychiatric illness or a current multiple pregnancy. The Healthy Start study protocol was approved by the Colorado Multiple Institutional Review Board, and all women provided written informed consent before the first study visit. The Healthy Start study was registered as an observational study at clinicaltrials. gov as NCT02273297.
As of July 2014, 1410 women were enrolled in the Healthy Start cohort. Healthy Start participants were eligible for the current analysis if they had at least one dietary recall (N = 1366). Women who had been diagnosed with gestational diabetes mellitus (n = 53) were excluded because these women are encouraged to adopt special diets after diagnosis. Neonates born at o 32 weeks of gestation or those without body composition measures at birth were also excluded from the eligible cohort to give a final sample size of 1079 for the analytic cohort used in this report.
Comparison of the analytic cohort with those who were excluded revealed no significant differences in maternal race/ethnicity (P = 0.35), maternal age at delivery (P = 0.67), prepregnancy BMI (P = 0.25) and household income (P = 0.31). As expected, the analytical cohort had significantly higher birth weight compared with the excluded participants (3255 vs 3007 g, Po0.001) given the exclusion of infants born very preterm (gestational age o 32 weeks).
Data collection
Healthy Start mothers were invited to participate in two research visits during pregnancy. The first visit occurred between 8 and 24 weeks of gestation (median = 17 weeks) and the second between 24 and 32 weeks of gestation (median = 27 weeks). Maternal fasting blood samples were collected at each of the two pregnancy visits and demographic, behavioral, physical activity (energy expenditure) and dietary questionnaires were administered. A third visit occurred in the hospital, after delivery during which women were asked to complete questionnaires identical to those from the second pregnancy visit. Offspring's birth length, weight, head circumference and skin-fold thickness were measured within 72 h after delivery, and neonatal body composition, fat mass (FM) and fat-free mass (FFM) were estimated from total mass and volume using air displacement plethysmography (PEA POD, Cosmed, Rome, Italy). Body composition was measured twice for each neonate with a third measurement taken if the first two percent body fat values were greater than two percentage points apart. Values used in this report are the average of the two closest measures.
Maternal prepregnant BMI was calculated using maternal height measured at the first research visit and prepregnant weight obtained from medical records (83.7%) or self-reported at the first research visit (16.2%). Prepregnant BMI was categorized as normal weight (BMI o 25 kg m − 2 ), overweight (25 ⩽ BMI o 30 kg m − 2 ) and obese (BMI ⩾ 30 kg m − 2 ). Physical activity in pregnancy was measured using the Pregnancy Physical Activity Questionnaire 24 from which metabolic equivalent task (MET) values were estimated as described in detail elsewhere. 24, 25 Infant sex, birth weight and gestational age at birth were abstracted from medical records. Information on race/ethnicity, household income, smoking during pregnancy and gravidity (0 vs prior pregnancies) was obtained from questionnaires administered to participants. Race/ethnicity was categorized into non-Hispanic white, non-Hispanic black, Hispanic and other. Household income was categorized into five levels: o$20 000, $20 000-$40 000, $40 000-$70 000, income 4$70 000 and 'don't know'.
Maternal age at delivery was calculated from offspring delivery date and maternal date of birth.
Dietary assessment
Maternal diet was assessed several times throughout pregnancy using the Automated Self-Administered 24-h Dietary Recall (ASA24), an online platform developed and hosted by the National Cancer Institute (ASA24-Beta and ASA24-2011, Bethesda, MD, USA). Healthy Start participants were asked to complete up to six ASA24 dietary recalls beginning at their first pregnancy visit (approximately one per month). On average, participants completed 2 recalls over the pregnancy period (range: 1-8), with 76% (n = 1038) of the eligible cohort (n = 1366) having at least 2 diet recalls. Monthly calls were made by the University of North Carolina at Chapel Hill to remind participants to complete their dietary recalls at home. Trained, bilingual study staff members administered recalls in-person for Spanishspeaking participants (n = 60) at study visits and over the phone between visits. Data from the ASA24 were collected (except for the Spanish interviews) and processed by the University of North Carolina.
The Healthy Eating Index
The Healthy Eating Index-2010 (HEI-2010) is a diet quality scoring system developed by the US Department of Agriculture, Center for Nutrition Policy and Promotion and the National Cancer Institute (NCI) designed to assess adherence to the 2010 Dietary Guidelines for Americans. This tool is a valid and reliable measure of diet quality 26 and consists of 12 components (total fruit, whole fruit, total vegetables, greens and beans, whole grains, dairy, total protein foods, seafood and plant proteins, fatty acids, refined grains, sodium and empty calories). 27 The 12 components are scored per 1000 kcal to give a maximum possible total HEI-2010 score of 100.
We calculated average food group servings across the multiple ASA24 recalls for each participant for use in calculating the HEI-2010 component and total scores. Average intakes of total energy, saturated fat, mono-and polyunsaturated fats and sodium across the repeated recalls were also used for calculation of the HEI-2010 scores. Alcohol was not included in the total HEI-2010 score because participants were all under 13 g per 1000 kcal of alcohol consumption for each recall, the threshold for inclusion of calories from alcohol. Publically available NCI SAS macro code from the NCI website (http://appliedresearch.cancer.gov/hei/tools.html) was used to generate the HEI-2010 total and component scores from the average food groups and nutrient values for each participant.
Statistical analysis
Different studies have used varying ways to categorize the HEI-2010 total score. However, many analyses use quintile categorization. [28] [29] [30] We plotted the observed mean neonatal %FM against the quintiles of the HEI-2010 total score (Q1: HEI-2010 ⩽ 42; Q2: 42oHEI-2010 ⩽ 50; Q3: 50oHEI-2010 ⩽ 57; Q4: 57oHEI-2010 ⩽ 66; and Q5: HEI-2010 466) and observed a clear, threshold effect of HEI-2010 total score on %FM that appeared between the lower three (HEI-2010 ⩽ 57) and upper two quintiles (HEI-2010 457) Figure 1 . Observed mean %FM by quintiles of HEI-2010 total score. HEI-2010 total score was dichotomized given the observed drop in %FM at a total score of 57. (Figure 1) . Based on the quintile plot we dichotomized the HEI-2010 total score at 57 for descriptive comparisons and all analyses reported hereafter.
Maternal and neonatal descriptive statistics were generated, and differences between the two HEI-2010 total score categories were tested using Satterthwaite t-tests for continuous variables and Cochran MantelHaenszel tests for categorical variables. Average predicted estimates of usual intake of macro-and micronutrients and average HEI-2010 component scores were compared between the HEI-2010 categories using t-tests to demonstrate the differences in nutrient and food group intakes related to the two levels of diet quality.
We fit a general linear multivariable model, and a planned, backward stepwise approach to examine the effects of HEI-2010 total score category (⩽57 versus 457), maternal prepregnancy BMI category and their interaction on neonatal %FM. Covariates for inclusion in all models were chosen based on the literature and included maternal age, race/ethnicity, infant sex, gestational age at birth, household income, usual daily energy intake (kcal per day), smoking in pregnancy and average energy expenditure (METs per week) over the pregnancy period. We also adjusted for pregnancy complications that could impact neonatal body composition such as chronic hypertension (yes/no), gestational hypertension (yes/no) and preeclampsia (yes/no) as diagnosed by a physician and reported in the medical record. As a sensitivity analysis we included gestational weight gain as a covariate to test whether the relationship between diet quality and infant adiposity was independent of this pregnancy exposure.
Given that no significant interaction between HEI-2010 category and maternal prepregnant BMI was noted, we then tested the main effect of the two HEI-2010 categories, and the main effect of BMI categories, while controlling for covariates. This same modeling approach was applied for the general multivariate linear model that tested the effect of HEI-2010 and BMI categories on FM and FFM. An alpha-spending approach was used to control the overall Type I error. We used the Hotelling-Lawley test to assess the significance of the association between BMI and HEI-2010 with both FM and FFM at Po0.03, and, if the overall test was significant, we planned to use Po 0.01 for each step-down test of association between BMI and HEI-2010, and FM and FFM, respectively.
RESULTS
The HEI-2010 total score in the Healthy Start cohort ranged between 18 and 89 with a mean of 54.2 (s.d. = 13.6). Maternal and neonatal characteristics are presented by HEI-2010 category in Table 1 . Women with an HEI-2010 total score of ⩽ 57 (lower diet quality) were significantly more likely to be obese, to have reported smoking during pregnancy and to have a household income of o $20 000 (P o 0.001 for all, respectively). Lower diet quality was also significantly related to younger maternal age (P o 0.001), shorter length of gestation (P = 0.02), higher gravidity (P = 0.01) and higher energy expenditure (P o 0.001). Furthermore, neonates born to women with an HEI-2010 total score of ⩽ 57 had significantly lower birth weight (3226 vs 3297 g, P = 0.01) and FFM (2804 g vs 2872 g, P o0.01). There was no difference in %FM (9.2% Pregnancy diet quality and infant adiposity ALB Shapiro et al vs 8.8%, P = 0.11), birth head circumference (P = 0.09) or birth length (P = 0.47) between the two HEI-2010 groups. The pattern of macro-and micronutrient average daily intakes (Table 2) as well as HEI-2010 component scores (Table 3) were as expected between the HEI-2010 categories. Although small differences were seen between groups, the percent of total energy as fat (P o 0.001) and as saturated fat (P o 0.001) were significantly higher in the group with an HEI total score of ⩽ 57. As expected, average HEI-2010 component scores for all of the components were significantly lower in the group with an HEI-2010 total score of ⩽ 57 (P o 0.001 for all, respectively). However, empty calories were significantly lower in this group (P o 0.001) that was not expected. Table 4 shows the results of the regression analyses assessing the relationship between HEI-2010 total score categories and neonatal body composition, adjusting for covariates. Having an HEI-2010 score of ⩽ 57 was significantly associated with higher % FM (P o0.05), independent of maternal BMI. Among women with an HEI-2010 total score of ⩽ 57 during pregnancy, the %FM of their neonate was on average 0.58 percentage points higher compared with neonates born to women with an HEI-2010 total score of 457 (β = 0.58, 95% confidence interval (CI) 0.07-1.1). Furthermore, the HEI-2010 score of ⩽ 57 was associated with significantly higher FM (g) (β = 20.74; 95% CI 1.49-40.0; P o0.05) but not with significantly different FFM (β = 7.30; 95% CI − 29.71 to 44.31; P = 0.97), indicating that the increased %FM associated with lower maternal diet quality reflects an increase in neonatal FM rather than a decrease in FFM. This compartmentalization of the effect of diet quality on infant body composition is further supported by the nonsignificant effect of HEI-2010 total score category on overall birth weight (β = 27.86; 95% CI-21.16, 76.89; P = 0.35). Maternal prepregnancy BMI was a significant predictor of higher %FM, FM, FFM and birth weight independent of maternal diet quality (P o 0.001, P o0.001, Po 0.05 and P o 0.001, respectively). Other independent predictors of increased FM and/or %FM were older maternal age and lower household income, whereas gestational smoking was independently associated with lower % FM and FM. Interestingly, girls had higher FM (and %FM) but lower FFM as compared with boys, whereas infants of non-Hispanic Black women had both lower FM and FFM as compared with infants born to non-Hispanic white women. In addition, our sensitivity analysis showed no significant change in the results when including gestational weight gain in the model.
DISCUSSION
In this prospective, multiethnic, prebirth cohort we have shown that diet quality has a significant impact on neonatal adiposity, and that this effect is independent of the mother's prepregnancy BMI. Furthermore, the association between poorer maternal diet quality and higher neonatal adiposity is primarily because of an effect of lower diet quality on the fat compartment of neonatal body composition.
Although maternal nutrition during pregnancy has been previously studied in relation to birth outcomes, to the best of our knowledge this is the first study to investigate the effect of maternal diet quality during pregnancy on neonatal body composition. Furthermore, few studies of maternal diet during pregnancy have used the HEI. In addition, these studies have not targeted neonatal adiposity as the outcome specifically; rather they have used birth weight. For example, Rodríguez-Bernal and colleagues 23 found that increasing quintiles of the Alternative Healthy Eating Index for Pregnancy (AHEI-P) score 31 was associated with higher birth weight in a cohort of Spanish women. However, in a similar study of pregnant Spanish women, Gesteiro et al. 32 did not see a significant difference in birth weight of infants born to mothers with an HEI-1995 total score of ⩽ 70 compared with those with an HEI-1995 total score of 470. Gesteiro et al. 32 implemented the 1995 version of the Healthy Eating Index, and therefore the inconsistency between findings may be because of differences between these versions. Poon et al. 19 also did not see a significant association between maternal diet quality and infant birth weight or other markers of growth using the AHEI-P.
The discrepancies may also be because of the timing of dietary assessment or a combination of differences in the methods of dietary assessment (use of a single Food Frequency Questionnaire versus repeated ASA24 dietary recalls) and model adjustment for potential confounders. In the Spanish cohort used by Rodríguez-Bernal and colleagues 23 (2010) and Gesteiro et al. 32 (2012), diet was assessed only once and in the first trimester and Poon et al. 19 also measured diet once but in the third trimester, whereas the Healthy Start study assessed diet repeatedly (82% of sample used in this analysis had ⩾ 2 diet recalls in pregnancy) to estimate the HEI-2010 total score over the observed pregnancy period. The degree to which we adjusted for additional potential confounders above that of these other studies may also explain differences in the findings. Given the lack of studies that parallel our dietary assessment methods and analysis, our findings warrant further investigation and replication in other large, diverse birth cohorts. The HEI-2010 categorization used in this analysis to denote a 'poorer quality diet' reflects what we would expect in terms of macronutrients for such a diet given the Institute of Medicine's report on Acceptable Macronutrient Distribution Ranges. 33 Women with an HEI-2010 score of ⩽ 57 had higher total and saturated fat intake ( Table 2) . Although total fat and saturated fat have been shown to effect offspring size and adiposity in animal studies, 15, 16 their effect in studies of human development have not been demonstrated, 17 suggesting a potentially different mechanism in humans. Together, our findings that poorer diet quality is positively associated with infant adiposity and that higher intakes of total fat and saturated fat are characteristics of this poorer diet quality suggest that the deleterious effect of these specific nutrients on human neonatal size and body composition may be the result of multiple nutrients interacting. This highlights the importance of using a measure of diet quality that reflects the whole diet, likely accounting for the synergistic effects of foods and nutrients on neonatal body composition that may not be explained by a single nutrition factor.
Maternal BMI is also an established risk factor for accelerated fetal growth and increased birth weight and size. 2, 3, 34, 35 Furthermore, our group recently reported that the %FM at birth of neonates born to women with a prepregnancy BMI in the overweight or obese categories was significantly higher than the %FM of neonates born to women in the normal BMI category, a finding that sustained when further adjusted by total energy and diet quality in this analysis, further supporting the link between maternal BMI and infant adiposity. 4 The consistent and robust data supporting the independent effects of maternal diet during pregnancy (broadly measured) and maternal BMI on fetal growth and size provide clues to potential pathways and mechanisms that need to be further explored. We purposefully did not include gestational weight gain as a covariate in our model, hypothesizing that it may be part of the causal pathway linking maternal diet quality to neonatal adiposity. Interestingly, sensitivity analyses adjusting for maternal weight gain during pregnancy resulted in similar findings, suggesting that the effect of maternal diet quality on neonatal adiposity is independent of gestational weight gain.
In our large prebirth cohort we have demonstrated that lower maternal diet quality has a statistically significant impact on neonatal adiposity and that this effect is independent of prepregnancy BMI. Although the clinical relevance of this finding is unclear at this time, it is important to note that neonates of women with lower diet quality had, on average, 24.9 g more fat mass as compared with those whose mothers had higher diet quality. This is just half that of the effect of maternal obesity (47.5 g higher in neonates of obese vs normal weight mothers), and given the clinical emphasis on obesity in pregnancy, this suggests that maternal diet quality may be similarly important, clinically. Longitudinal follow up of this cohort, now ongoing, will provide much needed data on the clinical significance of increased adiposity at birth with respect to childhood obesity and other relevant outcomes.
Our analysis is not without limitations. Our use of the HEI-2010 precludes us from comparing our results with studies using other HEI versions (for example, HEI-1995) because of the different national dietary standards used in the calculation of these HEI scores. However, the HEI-2010 was designed to reflect the Dietary Guidelines for Americans and therefore we are confident that our results are generalizable to the overall population in the United States and to the pregnant population in this country. Future studies of diet in pregnancy and neonatal outcomes should employ the HEI so to allow comparison across pregnant populations and for replication of the findings from this analysis.
In conclusion, our study suggests that poor overall diet quality, as assessed by the HEI-2010, during pregnancy may lead to increased neonatal adiposity regardless of maternal BMI. This highlights the potential importance of dietary interventions during pregnancy, likely a more accessible time for clinicians and public health practitioners to communicate the importance of healthy eating to pregnant women.
